Many proteins have been observed to exist in a large number of conformations that are believed to play an important role in their dynamics. A model of protein conformational substates that incorporates the ideas of frustration and disorder in analogy to glasses and spin glasses is proposed. Applications to x-ray diffraction, Mossbauer studies, and recombination experiments are discussed.
Over the past 10 years it has become increasingly clear that proteins may exist in a large number of conformational substates about a given tertiary structure and that these substates play an important dynamical role. Such a picture has provided a basis for interpreting nonexponential recombination rates of CO and 02 to myoglobin after flash photolysis (1) and is further supported by Mossbauer experiments (2, 3) and x-ray diffraction (4, 5) . The purpose of this paper is to provide a natural framework for understanding the nature of these substates.
The picture outlined here considers a protein as a threedimensional disordered system, exhibiting the attendant property of frustration. One recognizes that the space-filling three-dimensional structure as obtained by x-ray scattering describes only an average structure; additional internal degrees of freedom remain, much in the same way as those corresponding to the ubiquitous two-level systems in glasses (6, 7) . In particular, a given amino acid, some subunit thereof, or even a cluster of amino acids may have two or more locally metastable positions about some localized point in space. These most likely correspond to changes in bond angles. (It is important to note that the three-dimensional covalent topology of the protein remains intact at all times.) However, because of the strong coupling between adjacent amino acids, it will usually be impossible to move one amino acid, even from one local metastable position to another, without disturbing adjacent amino acids, which will in turn rearrange others, and so on. One can express this mathematically in terms of the following picture, which, though highly oversimplified, may serve as a first step.
Consider a protein with all of the amino acids but one held fixed; the amino acid free to move will likely have several positions at which its strain energy is at a local minimum, as previously discussed. For simplicity, assume that each amino acid has two nearly degenerate "ground states" separated by an energy 2h (Fig. 1) . (Of course, there is really a distribution of hs but the following analysis is unaffected by assigning an average h to each amino acid.) An amino acid is denoted in the more energetic local position as being in the (-1) state and in the less energetic position as being in the (+ 1) state.
Because in a real protein the amino acids are not held fixed, one must consider what effect the local movement of one amino acid will have on its neighbors. Certainly, any movement of one amino acid will result in a local redistribution of its neighbors in some complex manner; in fact, when a single amino acid moves from its local (-1) to (+1) state, there exist many possible redistributions of its neighbors, some of which raise the total conformational strain energy of the protein and some of which lower it. The blocking and interference among the shifting amino acids is reminiscent of the "frustration" effect in glasses and spin glasses (8, 9) . This can be taken into account by positing random interactions between neighboring amino acid pairs.
This picture is made precise by expanding the conformational energy E {S(a)} of the protein about its average Eo:
where S(') refers to the protein in some specific configuration a, Si refers to the state (± 1) of an amino Lcid at position i, and J#, = a'2 E {S(a)}/aSi aSj. The protein itself is taken to be a three-dimensional disordered lattice with some average coordination number z and total number N of two-level systems (roughly equal to the number of amino acids). Interactions are only between nearest neighbors, so to a first approximation one neglects terms of third order and higher.
The crucial point is that the Jus are random variables whose distribution depends on the protein. Although real distributions may be quite complicated, it should suffice to begin with some of the simpler ones favored by spin glass theorists:
[2] [3] In both cases the mean of P(Jij) is taken to be zero, which is not necessary (although it must be less than the width of the distribution). It will turn out that most of the results derived here are insensitive to the form of distribution chosen (so long as it is random and allows for frustration). We will therefore work with the distribution given by Eq. 3 henceforth, as an especially tractable form. Thus far, the conformational substructure of a protein has been modeled as being analogous to a short-range three-dimensional spin glass in a magnetic field. One must next ask how large a field-i.e., how does h compare to the width ] of the JV distribution? Unfortunately, since one cannot actually hold some amino acids rigid while allowing others to vary, one must be content at this point with the ansatz that h << J. This assumption is justified with the remark that one expects the protein to be a strongly interacting system-i.e., that in terms of determining the energetics of conformational 
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state also diverges with N. Computer simulations of a twodimensional long-range spin glass (15) find that such free energy barriers scale with N to -some fractional power, the largest diverging as AF N14 if the entire system does not have to be turned over to find a new ground state. Since the time r needed to escape over a free energy barrier AF at temperature T goes as X -e F/kBT, even a small system below Tf is essentially "stuck" in some ground state for all time.
It is not yet settled whether a sharp freezing temperature exists in the EA model in three dimensions as it does in the SK model, but for the purposes here there is little practical difference. At temperatures of the order of J, the system will again be nonergodic, becoming "stuck" in some portion of phase space that it cannot escape from within experimental times. As the temperature is lowered from some initial value larger than J, the system becomes increasingly sluggish, finding itself within a sequence of states that possess progressively higher escape free energy barriers, until finally, at some kBTf -z J, where z is the average coordination number, the system is frozen on experimental time scales.
The number of metastable states in the EA model is little changed from that in the SK model, becoming (12) (13) (14) Ng -exp {N[O.1992 + 0.0656z-1 + 0 (z-2)]} [7] for an Ising spin glass.
Finally, it is simple to calculate the density of states, or probability P(a)(E) that a given spin configuration {S(a)} has the energy E. One notes that for any distribution p(Jij), [8] and that when p(Jij) = p(JijSiSj), Si = ±1, P(E) is independent of a (16) . For the Gaussian distribution Eq. 3 for p(Jij), one finds:
The detailed form of P(E) depends on the distribution p(Jij)
chosen, but it is important to note that for any reasonable random distribution, P(E) is Gaussian except near the tails-that is, where JE -EO|/\NJ»>> 1.
The probability distribution Eq. 9 simply describes the distribution in energy of the 2N available states and is independent of temperature T. Of course, there will be an additional Boltzmann weighting of the energy states, so that the full weighted distribution of conformational energies at a temperature T> Tf -Jis
A transition to a spin glass phase is then found to occur at kBTf = J. As noted, there are a very large number of locally metastable spin configurations into which the system may freeze. The number Ng of such local minima is believed to be exponential in the number of spins N in the system (12) (13) (14) :
Ng -eaN, a 0.2 (Ising spins). [6] Hence, although the total number of such "ground states" is small compared to the total number of spin configurations (2N), it is very much larger than unity for even small systems and diverges rapidly with N. The second point is that the free energy barrier AF needed to be surmounted in order to "jump out" of a given ground x exp {-E/kBT} (T > Tf). [10] However, for T < Tf, the distribution of energies is frozen at the temperature Tf, when the system goes out of equilibrium. Hence,
x exp {-E/kBTf } (T < Tf). [11] Eqs. 10 and 11 describe the distribution of energies of conformational substates of the protein at all temperatures. In Eq. 11, we expect kBTf = ad, with a a constant of order one.
The model described here provides a ready explanation for x-ray (4, 5) and Mossbauer data (2, 3) and may serve as a useful tool in understanding recombination kinetics ( (4, 5) . The latter technique actually measures a distribution of activation energies that are believed to be associated with different conformational substates. X-ray scattering can determine both the position I and mean square displacement (x2) of atoms in the protein. Here, (x2) is the sum of several terms; in particular, it includes a part (x2)c due to atoms occupying different positions in different conformational substates and a part (x2)v due to vibrational motion of atoms about a given position (4, 5) . If there are many conformational substates of the type described here, one would expect (x2)c to be temperaturedependent above Tf but to remain temperature-independent and finite for all T S Tf. On the other hand, (x2)v should decrease with temperature almost down to zero temperature where it assumes a small zero-point value.
With the help of Mossbauer data, the sum (x2CV = (x + (x2)v can be measured. If all proteins assumed only one conformational substate, one would expect (x2)cv to behave essentially as (x2)v as a function of temperature. Experimentally, a gradual freezing of the amino acids in myoglobin is seen down to 80 K, where (x2) for some atoms is still greater than 0.1 A2, providing evidence for conformational substates (5) .
In a flash photolysis experiment one typically studies the recombination rate of myoglobin with CO or 02 after dissociation. Nonexponential decay implies a distribution of activation energies, which in turn are thought to correspond to a distribution of frozen conformational substates of the protein (1, 17) . Above Tf, the protein flips rapidly among conformations, and one observes a single rate constant corresponding to an average over conformations. A major problem is then determining and understanding the form of the distribution of activation energies for the low-temperature results.
There are several theories (17, 18 ) that attempt to derive the distribution of activation energies from semiphenomenological considerations, and many (1, 17) recognize the importance of a glass transition in the protein. An attempt to derive the distribution of activation energies from the spin glass model presented here is necessary; clearly, additional input to the model is needed. It is, however, interesting to note that if one simply assumes that the distribution of activation energies follows the distribution of initial conformational energies (Eq. 11), one gets surprisingly good fits to the data (Fig. 2) (R. Austin, T. LeGrange, and B. Tsuei, personal communication). This may simply be fortuitous (there are many ways of arriving at a Gaussian distribution) or may have some significance.
I conclude by noting that although a short-range spin glass model was used here, it is entirely possible that a relaxational glass model may be more appropriate. The conclusions arrived at here will be largely unchanged by this shift in picture, but at present it may be worthwhile to adhere to the spin glass picture for ease of mathematical formulation. As we begin to understand more about both proteins and glasses and spin glasses, a more accurate picture should eventually emerge. 
